Results from large-scale theoretical cross section calculations for the total photoionization of the 4f, 5s, 5p and 6s orbitals of the neutral tungsten atom using the Dirac Coulomb R-matrix approximation (DARC: Dirac-Atomic R-matrix codes) are presented. Comparisons are made with previous theoretical methods and prior experimental measurements. In previous experiments a time-resolved dual laser approach was employed for the photo-absorption of metal vapours and photo-absorption measurements on tungsten in a solid, using synchrotron radiation.
Introduction
Material choice for the plasma facing components in fusion experiments is determined by competing desirables: on the one hand the material should have a high thermal conductivity, high threshold for melting and sputtering, low erosion rate under plasma contact, and on the other hand as a plasma impurity it should not cause excessive radiative energy loss.
For the ITER tokamak, currently under construction at Cadarache, France, Tungsten (symbol W, atomic number 74) is the favoured material for the wall regions of highest particle and heat load in a fusion reactor vessel, with beryllium for regions of lower heat and particle load. ITER is to start operation with a W-Be or W wall for the main D-D and D-T experimental programme. In support of ITER and looking ahead to the prospect of a fusion reactor other experimental plasma groups are also considering tungsten, including the ASDEX-Upgrade tokamak which now operates with an all-W wall and at JET, where a full ITER-like mixed W-Be-C wall is being installed. Smaller-scale experiments involving tungsten tiles are carried out on other tokamaks. The aforementioned attractive properties of tungsten mentioned above must be weighed against the negative fact that 74 ion stages have a great capacity to radiate power away. The consequence is that the burn condition for tungsten is not achievable for concentrations above 2×10 −4 , and therefore theoretical models to accurately characterize impurity influx are required [1] .
Atomic processes are central to energy transfer in magnetically confined plasmas. The energy balance in fusion devices such as tokamaks depends critically on how the plasma interacts with the walls of the vessel, therefore demanding accurate cross sections and associated rates for a wide variety of collisional processes.
These rates will enable us to understand and mitigate the causes of critical radiation losses that in minuscule concentrations prevent ignition. For modelling the behaviour of tungsten in a plasma a comprehensive understanding of various collisional processes is required for many ion stages. Beyond the first few charge states, open 4d and 4f shell configurations require complicated atomic structure calculations, and equally demanding electron-impact collisional calculations [2] . In the work of Ballance and co-workers [2] , on electron-impact excitation, over 10,000 close-coupling channels were included in the theoretical model, however in the current photoionization studies we are only approaching the 5000 channel mark.
In contrast to electron-impact excitation/ionization calculations, photoionisation cross sections require only a few partial waves, governed by the dipole selection rules as compared to typically 50-60 partial waves required by electron-impact collisions. Furthermore, combined with currently available high resolution experiments for certain ion stages of W, theoretical DARC photoionization cross section calculations provide an ideal way to survey the first few ion stages of tungsten, indicating how well resonance structure is reproduced with a minimal atomic 9-12 configurations. This has future implications for the more intensive calculation of electron-ion recombination and ionization processes. In subsequent papers for the W + -W 5+ ion stages, we intend to compare with more recent higher resolution experimental measurements already carried out at the Advanced Light Source, in Berkeley. However, for the single photoionization of neutral tungsten, only early experiments from the mid 1990s (which are not absolute) are available for comparison purposes. These early experiments employed a time-resolved dual-laser plasma technique to measure the photo-absorption of tungsten metal vapours [3] . These vapours were created by the ablation of a spectroscopically pure tungsten solid, subject to a flashlamp pumped dye laser. A more complete description of the experiment is given in Costello et al [3, 4] . Photo-absorption experiments of W in a solid, as well as other neighbouring elements in the periodic table (Ta,Re) were measured in the photon energy range 30-600 eV using synchrotron radiation [5] , at the 7.5-GeV electron synchrotron facility DESY. Sladeczek et al [6] prepared the tungsten target by the thermal evaporation from the metal at a temperature of 3200 K, to measure the photo-ion yield spectra of W + in the energy region of 30-60 eV.
In the current investigation we also show a theoretical comparison, for photoionization (PI) cross sections between the present results obtained from a Dirac Coulomb R-matrix approximation (DARC) with the earlier Many-Bodied Perturbation Theory (MBPT) work of Boyle and co-workers [7] .
The remainder of this paper is structured as follows. Section 2 presents a brief outline of the theoretical work. Section 3 presents a discussion of the results obtained from both the experimental and theoretical methods. Finally in section 4 conclusions are drawn from the present investigation.
Theory
An efficient parallel version [8] of the DARC [9, 10, 11, 12] suite of codes has been developed [13, 14, 15] to address the challenge of electron and photon interactions with atomic systems catering for several thousands of scattering channels. Metastable states are populated in these experiments and therefore additional theoretical calculations are carried out to gauge their extent. Recent modifications to the Dirac-Atomic-R-matrixCodes, as implemented for (DARC) [13, 15, 14] allowed high quality photoionization cross section calculations of Fe-peak elements and Mid-Z atoms of interest to astrophysics. Cross-section calculations for trans-Fe element single photoionization of Se + , Xe + , Xe 7+ , Kr + ions [14, 15, 16, 17] , Si + ions [18] , and neutral Sulfur [19] have been made using the DARC code and have shown suitable agreement with high resolution measurements made at third generation light sources. In particular for the calculations presented here, the capacity to assign an arbitrary number of processors to the concurrent formation of every dipole matrix, mitigates the fact that matrix multiplications of eigenvector matrices over 60,000 by 60,000 in size require at least 2 × 10 14 operations each. All the present photoionization cross section calculations were performed in the Dirac Coulomb R-matrix approximation using our recently developed parallel version of the DARC codes [14, 15, 20] . The current state-of-the-art parallel DARC codes running on high performance computers (HPC) world-wide, allows one to concurrently form and diagonalize large-scale Hamiltonian and dipole matrices [21, 22] required for electron or photon collisions with atomic systems. This enables large-scale crosssection calculations to be completed in a timely manner.
Tungsten (W)
Photoionization cross sections on this complex system were performed for the ground and the excited metastable levels associated with the 5s 2 5p 6 5d 4 6s 2 : 5 D term, and benchmarked with several available experimental measurements. We note that for neutral and or near neutral heavy atoms determining their atomic structure sufficiently Table 1 , we compare a representative sample of our energy levels with the NIST tabulated values [26] for the residual ion W + . We find that the maximum energy difference is typically of the order of 0.04 Rydbergs for the valence n = 5 and n = 6 shell levels, with no available energies given for the open n = 4 shell levels. This is well within the metastable uncertainty of the experimental measurements. In the second calculation, we included all possible 1227 levels from the last 9 configurations in order to complete the total photoionization of the remaining n = 4 shell up to a photon energy of 600 eV. The 4d direct ionization begins at 257.5 eV, the 4p direct ionization at approximately 442 eV and the 4s direct ionization at 616 eV.
Photoionization cross section calculations for a 645-level and a 1227-level model were performed in the Dirac-Coulomb approximation using the DARC codes [14, 15, 21, 22] for the ground and metastable fine-structure levels associated with the 5s 2 5p 6 5d 4 6s 2 configuration 
The R-matrix boundary radius of 12 Bohr radii was sufficient to envelop the radial extent of the residual W + ion atomic orbitals. A basis of 16 continuum orbitals was sufficient to span the incident experimental photon energy range from threshold up to 120 eV for the 645-level model and 30 continuum basis orbitals to span 0-625 eV for the 1227 model. Since dipole selection rules apply, total ground-state photoionization cross sections require only the J π = 0 e →J π = 1
• , bound-free dipole matrix. In the case of the excited metastable states the
We note that the present investigations are currently the largest photoionization calculations in terms of the number of scattering channel performed to date with our DARC codes. For example, in the case of the initial J = 4 metastable level, we have a J = 5 o symmetry with 4,761 scattering channels and matrices of the size of 60,723 to consider in the photoionization calculation. In table 2, we list the number of channels associated with each of the J − J dipole pairs used in the statistically averaged comparison with experiment, also allowing for the fact that the 5d 5 6s, J = 3 excited level lies energetically below the 5d 4 6s 4 , J = 3 of the neutral tungsten ground state configuration.
Photoionization cross sections
For the ground and metastable initial states of the neutral W atom studied here, the outer region collision problem was solved (in the resonance region below and between all thresholds) using a suitably chosen fine energy mesh of 6.0×10 −4 Rydbergs (≈ 8.0 meV), in order to resolve all important resonance structure in the appropriate photoionization cross sections. This is sufficient for comparison purposes with the previous experimental results [5, 3, 6] which were taken at resolutions ranging from 0.25 eV (250 meV) to 0.5 eV (500 meV).
To simulate the experimental measurements, the DARC theoretical photoionization cross section results have been convoluted with a Gaussian having a profile of full width half maximum (FWHM) similar to the experimental resolution. In order to compare with experiment, we have statistically weighted the ground and metastable photoionization cross sections as well as the initial bound level. This has the effect of reducing the actual photoionization threshold, due to the excited states of the 5 D having consistently higher quantum numbers. Comparatively, it also reduces the absolute heights of the resonance structure between 40 and 60 eV as opposed to the J = 0 − 1 calculation, but otherwise the individual 5 level-resolved cross sections are remarkably similar.
We note that there are other metastable levels from the same initial 5d 4 6s 2 configuration up to at least 0.285 Rydbergs above the ground state, leading to energy differences of up to 3 eV when comparing the energy scale with experimental measurements. A complete direct modelling comparison with experiment would required the calculation of photoionization cross sections from all the 34 levels of the ground state configuration, and probably approximately 50 levels from the 5d 5 6s and 5d
4 6s6p configurations that are interspersed among them. However, as we only have access to finite computational resources these extra 79 calculations in addition to the 5 presented here are beyond present capabilities.
Results and Discussion
The calculated ionization potential from our DARC calculation is 8.09 eV which is 230 meV above the NIST tabulated value of 7.86 eV. However the statistically averaged initial bound state reduces this difference to a value of 170 meV, bringing it closer to the experimental value.
As Fig.1 illustrates, collectively the direct photoionization of the 6s and 5d orbitals peak at 30 Mb at a photon energy of 19 eV. However, it is the direct photoionization of the 4f and the 5p orbitals, and the associated 4f − 5d and 5p − 5d resonances that dominate the cross section from 40-65 eV, with narrow peaks as high as 75-80 Mb. The 5s photoionization is evident from 65 eV onwards, but only marginally so. The onset of our 4f photoionization at approximately 38-39 eV slightly leads the 5p photoionization by 1-2 eV, and it agrees well with the MBPT theory in terms of energy position. However the MBPT theoretical cross sections are persistently lower across the entire energy range. Between 43 eV and 54 eV, our model has several hundred thresholds belonging to either 4p 6 4d 10 4f 13 5s 2 5p 6 5d 4 6s 2 or 4p 6 4d 10 4f 14 5s 2 5p 5 5d 4 6s 2 configurations thus making it difficult to determine the relative strength of each.
The sharp resonance at 35 eV, identified in the Sladeczek experiment [6] which they attributed to a 5p − 6s transition, is well reproduced by the current DARC model. In Fig.2 , we compare the ground state term statistically averaged PI cross section results with the experiments of Costello et al [3] and those of Haensel et al [5] . At 35 eV, the dual laser experiment exhibits the onset of the 4f ionization at approximately 3 -4 eV, before both the theoretical values of the MBPT [7] and the present DARC PI cross section calculations, however still within the range of the other higher levels of the 6s 2 configuration as reported in the NIST energy level table. This suggests that the metastable component of the experiment of Costello and co-workers [3] may include some of these higher levels. The Haensel experiment [5] , from a solid-state target does not exhibit the strong 4f-5d, or 5p-5d resonance structure to the same extent compared to all presented theories and the dual-laser experiment. The Sladeczek experiment [6] (also from a solid perspective), does not provide absolute values either, but in terms of a relative minimum to maximum ratio of the measurement is comparable to the Haensel and co-workers [5] experimental result. Sladeczek and co-workers [6] do however report a relativistic Hartree-Fock calculation which is a mixture of the first six levels of neutral tungsten. We have employed these same six mixing coefficients with our present DARC PI cross section results, represented by the dashed-line in Fig.2 . Not surprisingly, as the individual PI cross sections are remarkably similar, (shifted slightly only by energy differences in the target), it provides a result very close to the prediction of the statistically averaged DARC result.
Comparison with other theoretical methods is a much simpler prospect than with experimental measurement. There are no unwanted metastable components to contend with and it requires the calculation of a single J = 0 − J = 1 dipole matrix as is illustrated in Fig.1 . The reduced number of associated channels with partial waves of low angular momentum has allowed us to increase the photon energy range up to 625 eV, as illustrated in Fig.3 . Here we extend our DARC PI cross section calculations to span the energy to encompass the photoionization energy range of all the n=4, 5 and 6 shells. Above 100 eV, the direct ionization of the 4d, 4p and 4s orbitals is minimal compared with the preceding sub-shells. The Rydberg resonances attached to the upper levels of each hole configuration are much more evident than the direct total photoionization above 200 eV. The photoionisation of the 4f orbital is the dominant component of the total photoionisation cross section in this energy range. is the weighted DARC results of the lowest 6 levels, employing the mixing coefficients reported by Sladeczek and co-workers [6] . Solid circles with dashed line are the dual-laser experimental results of Costello and co-workers [3] and the solid triangles are the results from the experimental work of Haensel and co-workers [5] . The statistically averaged DARC PI cross sections were Gaussian convolved at a FWHM of 250 meV.
Conclusions
Photoionization cross sections calculations for the neutral tungsten atom were obtained from large-scale close-coupling calculations within the Dirac-Coulomb Rmatrix approximation (DARC) and compared with moderately resolved experimental measurements. The neutral tungsten photoionization presented here shall complement a future series of studies on tungsten ions W q+ in low charged states up to q = 5 [27, 28, 20] . The comparison of the measured photoionization spectra with large-scale R-matrix close-coupling calculations presented here shows good agreement, and it is expected that applying a similar approach to other charged states of tungsten that have been investigated by more recent experiments at ALS will provide valuable intepretation of those measurements. It is hoped that the present theoretical work will act as a stimulus and encourage new experimental studies on neutral tungsten photoionization at the same high resolution achieved by the other ion stages of this system. 
